Abstract
T cells engage with antigen-presenting cells to form immunological synapses. These intimate contacts are characterized by the complex arrangement of molecules at the intercellular interface, which has been described as the supramolecular activation cluster (SMAC). However, due to T cells functioning without SMAC formation and the difficulties of studying these complex arrangements in vivo, its biological importance has been questioned. In light of recent data, we focus this review on the putative functionality of SMACs in T-cell synaptic contacts in vivo and emphasize the therapeutic potential of SMAC manipulation in immune-driven diseases.
Immunological Synapse Formation and SMAC arrangement
Immunological synapses (IS) are critical intercellular communications between specific immune cells and antigen-presenting cells (APC) 1 . This particular engagement between both counterparts requires intimate contact between the aforementioned cells and includes multiple factors and complex signaling cascades of activation 1, 2 . T-cell ISs have been largely studied and represent the best-known IS type 3 , although ISs may also be established by different types of effector cells, such as NK or B cells [4] [5] [6] . The formation of an IS involves the T-cell recognition of specific antigens that are presented by APCs.
Major Histocompatibility Complexes (MHC) display antigens at the APC cell surface, which are detected by T-cell receptor (TCR) molecules that are displayed on the T-cell membrane 7 . The interaction between the antigen-MHC and the TCR induces the TCR signaling cascade 8 , thus initiating the activation of the T cell, which is characterized by the phosphorylation and polarization of tyrosine kinases such as lymphocyte-specific protein tyrosine kinase (Lck) and zeta-chain-associated protein kinase 70 (ZAP-70) at the interface 9,10 ( Figure 1) . In mature IS formation, the process of activation involves severe changes to the micro-anatomical configuration of the T cell that are characterized by rearrangement of the actin cytoskeleton and are driven by the microtubules organizer center (MTOC), which becomes polarized toward the APC and participates in the organization of secretory domains [11] [12] [13] [14] . The polarization of the T cell is also accompanied by the rearrangement of lymphocyte function-associated antigen 1 (LFA-1) molecules that segregate three-dimensionally at the IS interface and specifically bind to the APC's intercellular adhesion molecule 1 (ICAM-1) 15, 16 . This binding of LFA-1/ICAM-1 takes place at the interface, and LFA-1/ICAM-1 complexes rearrange micro-anatomically, forming a ring-shaped area named the peripheral supramolecular activation cluster (pSMAC), which surrounds a characteristic central accumulation of TCRs, known as the central supramolecular activation cluster (cSMAC) 15 ( Figure 1 and Box). This way, a "bull's eye" characteristic structure is formed, where an outer ring contains the adhesion molecules, and an inner area contains the signaling molecules. In cytolytic T cells, the cSMAC may also contain secretory domains that usually encompass an area of smaller size and is located near the TCR signaling central cluster, where lytic granules of effector molecules are concentrated and released 6, 17, 18 . Importantly, LFA-1 molecules are linked to talin proteins, which are key integrins involved in cell migration and cellular junction because they are linked to the actin-myosin cytoskeleton through vinculin 15, 19, 20 .
Visualization of SMACs in vivo
The initial description and most of the studies on the microanatomy and function of ISs have been performed in vitro 1, 15, 21 The next scientific challenge is the combination of different fluorophores to observe the dynamics of the peripheral SMAC in relation to the central TCR cluster and how the formation of these structures affects immune responses in healthy subjects and experimental models of diseases.
Function of SMAC in vivo
Previous observations have shown that SMAC formation is not required for TCR signaling or for the effectiveness of cytotoxic T cells 6, 30 . These results question the biological importance of SMAC formation. Why is such an enormous and complex arrangement in the cell needed? Why invest such a large amount of energy and effort?
pSMAC and cSMAC formations were first observed in brain tissue, in the context of the clearance of virus-infected cells 22 . In this case, the formation of SMACs preceded the elimination of viral-infected cells in immune-competent animals that were primed with an adaptive immune response 22 . In this context, the percentage of ISs forming SMACs and engaged with virus-infected cells was approximately 60% in a specific time window, before complete viral clearance 31, 32 . These results indicate that a large percentage of SMAC formation may be essential for viral clearance in tissue, suggesting its biological significance 31 . In the same scenario of viral clearance, the secretory domain that was observed at the immunological synaptic interface was characterized by the formation of interferon-gamma (IFN-) and perforin clusters, which conveys that both effector molecules and their polarization at the synaptic interface may be necessary phenomena for the elimination of virus-infected cells 31 . In fact, IFN--or perforin-deficient mice are unable to eliminate virus-infected cells from the brain 33 . However, whether completely mature SMAC rearrangements will take place at the interface seems to depend upon These results indicate that SMAC arrangement could be necessary to directionally secrete specific molecules towards the APC without altering adjacent cells, thus safely channeling intercellular communication 13, 36 (Figure 2) . Outer ring LFA-1/ICAM-1 adhesion allows for the formation of a shielded micro-chamber, which is an intercellular space that is kept isolated from the surrounding environment. This flat interface feature is possible due to rearrangement of the actin cytoskeleton, which forms a consistent and renewable scaffold that is oriented to the interface 37, 38 . Most likely, the reason for these interface arrangements may be for maximal reduction of the surface at the intercellular contact, which could result in more effective communication and less chance of membrane and receptor miss-folding. In that intercellular space, cytotoxic compounds, such as effector molecules, can be safely delivered, and signaling only occurs with the contacting cell, without damaging the surrounding healthy cells that are not involved in the immunological response. Therefore, the formation of SMACs may represent a highly evolved and specific immune response that only has an effect on target cells and does not affect bystander cells. Thus, it can be hypothesized that the SMAC is a necessary structure to channel cytokines and other effector molecules in an extremely selective manner (Figure 2) .
Overall, T-cell synaptic contacts may be necessary for an effective immune response, but, the formation of SMACs may depend on the immunological context and the effector molecules that are delivered. It is, therefore, tempting to speculate that the ideal situation may be SMAC formation because it would preserve the surrounding tissue and result in a more specific and safe response. 
A therapeutic view of the immunological synapse
Because the formation of the SMAC may be an important part of the specificity and tumor. Ipilimumab has been tested in patients with melanoma (Yervoy®), and it has been proven to be effective in specific cases because it removes melanoma without tumor recurrence [42] [43] [44] . Analogously, therapeutic blockade of programmed cell death 1 (PD-1), which is also localized at the cSMAC, increases T-cell motility and cytotoxic effectiveness, thus improving viral clearance 45 . Indeed, the combination of both, CTLA-glioma tissue, mature ISs are established between T-cells and tumorigenic cells, although at a low rate 25 . However, SMAC analyses performed in murine experimental models of glioma have shown that the formation of Kupfer-type synapses does not predict the elimination of the tumor 47 , which is different from the process of viral clearance 31 . This feature may be characteristic of tumors because the multidirectional delivery of cytotoxic compounds could theoretically be the fastest and most effective way to destroy tumors in an environment where the majority of bystander cells should be rapidly eliminated.
However, because T cells form SMACs, they may still be needed in a sufficient quantity for the recognition of specific antigens to take place. This fact supports the idea that We are beginning to understand how malfunction of SMAC formation may induce different immune-mediated diseases. The understanding of this process in vivo as well as the specific mechanisms occurring during SMAC formation in tissues within different immune scenarios will be crucial to propose molecular targets that restore the correct arrangement of Kupfer-type ISs.
Box
The term immunological synapse has been used to generally define communications between immune cells, although it is also specifically and more accurately referred to as the formation of the characteristic interface with complex rearrangements of molecules and compounds called SMAC (Supra-Molecular Activation Cluster). Synapses that form SMACs are considered mature immunological synapses and, in some publications, to honor its discoverer, immunological synapses are classified as Kupfer-type or nonKupfer-type immunological synapses according to the presence or absence of the "bull's eye" formation at the interface, respectively.
Figure Legends Similarly, PD1-blocking antibodies obstruct the inhibition of T cells at the synaptic interface.
